In the past decades, anaerobic digestion (AD) has steadily gained importance. However, the technology is not regarded as a top priority in science policy and in industrial development at present. In order for AD to further develop, it is crucial that AD profits from the current fuel issues emerging in the international arena. AD can provide low-cost treatment of sewage and solid domestic wastes, which represents a vast application potential that should be promoted in the developing world. Furthermore, the developments in the last decades in the domain of anaerobic microbiology and technology have generated some interesting niches for the application of AD, such as anaerobic nitrogen removal and the treatment of chlorinated organics. Recently, AD has also generated some serendipities, such as the use of AD in processes for sulphur and calcium removal and the coupling of AD with microbial fuel cells. The international developments in terms of bio-refineries and CO 2 -emission abatement are of crucial importance with respect to the impetus that AD will receive in the coming decade. There should be little doubt that by placing the focus of AD on the production of green energy and clean nutrients, the future of AD will be assured.
Introduction
Anaerobic digestion (AD) has seen a startling series of developments since the 1980s. It has been implemented in the treatment of various kinds of wastes (solid, liquid, and gaseous) , and in the past decades, industry has certainly developed a remarkable arsenal of reactor systems and processes (Verstraete and Vandevivere, 1999 ; van Lier et al., 2001; Lissens et al., 2001; Grommen and Verstraete, 2002; Biey et al., 2003) . Yet, it cannot be denied that in the current overall debate on new energy resources and in the development of non-fossil fuels, AD does not figure on the top list. The question of why AD has not achieved the status of top priority as an energy resource so far must be raised. Why is AD only a secondary player in the domain of waste management? It is our conviction that AD has one major drawback: besides its most valuable product, namely biogas, it also produces another end product that contains residual organics. The residual organics and the mineral nutrients associated with them are problematic since they are not perceived as "clean". Indeed, the liquid and solid residues of AD are considered as a nuisance for humans and for ecosystems. Hence, the key point for ensuring the future of AD is to promote the green energy aspect and particularly to find better endpoints for the digester waste products, resulting in an overall better public perception of the AD technology. metals, toxic organic compounds, and pathogens. For example, after the dioxin crisis of 1999 in Belgium, the farmers in the European Union (EU25) have realized that the conventional agricultural practices are not infallible. Hence, all inputs in agriculture from now on must be certified and be fully traceable. In addition, agricultural land is in many countries no longer the "final depository" for organic residues. Compost and sewage sludge are not wanted at all anymore.
A second market shift relates to the so-called "white biotechnology" or the production of energy, fuel and commodity products from bio-materials. This second market shift has stimulated the development of bio-refineries (Lynd et al., 1999; Kamm and Kamm, 2004) . Biorefineries use physical, chemical, and biotechnological processes, whereby particularly fermentation technology and biocatalysis play a major role. It is expected that the production of biofuels will provide a strong stimulus for the development of biorefineries. In this context AD can play a major role by providing suitable down-stream processing of e.g. bio-ethanol and bio-diesel production plants.
A third market shift is related to the ongoing rise in energy prices. Since agriculture is very dependent on fossil fuel for the production of the necessary N and P fertilizers, the reuse of certified and "clean" N and P will become of growing interest (Helsel, 1992; Gajdos, 1998) . For AD to be integrated into the new international developments on fuel, energy, and CO 2 emission policies, some urgent actions are necessary. First, AD should clearly delineate its unique capability to recover high value energy (kWh) from wet organic wastes. In order to curb the criticism that AD only converts part of the organic matter, AD should be linked up very tightly with processes that can deal with the residual recalcitrant organics. Examples of these processes are thermal alkaline wet oxidation (TAWO), incineration and plasma treatment (Lissens et al., 2001) . By coupling the TAWO process to AD, the methane recovery from organic waste can be considerably enhanced, resulting in less residual solids, lower greenhouse gas emissions to the environment and higher green energy profits (Lissens et al., 2004) .
Secondly, AD should boast its unique capability to produce kWh from energy crops. In the EU, several countries already support green energy certificates. However, the overall gross income for the farmer producing energy from a dedicated crop is still Figure 1 By means of financial stimuli, the carbon-based cycle for energy and consumable production must be closed. Land fill-technology based storage of organic carbon should be promoted. Taxes must regulate the non-holistic use of fossil fuel and consumables (after Wens, 2004) unattractive compared to other crops ( Figure 2 ). This is in part due to governmental subsidies given to other crops and products. In developing countries with a tropical climate, the production of energy crops allows exporting energy under the form of fuel and tradable electricity (kWh) from the region. Moreover, in the future it can give rise to the concomitant trading of CO 2 emission equivalents. Therefore, energy crops certainly deserve further exploration (Van Haandel, 2004; Anselmo and Badr, 2004) .
The low cost sanitation market
In the EU, the costs related to conventional sewerage and sewage treatment (e.g., activated sludge) amount to the order of 100 euro per inhabitant per year. The same cost per inhabitant and per year is incurred when dealing with solid domestic wastes (source separation, collection, and treatment). Clearly, the total of the order of 200 euro per inhabitant per year represents a substantial sum that is not affordable in many countries, especially considering that about 30% of the world's population still has a daily income of 1 euro, i.e. approximately 350-400 euro per year.
In this context, it cannot be over-emphasized that by implementing AD in the treatment of wastes, one can save tremendously on the infrastructure of waste treatment facilities (capital expenditure) while achieving a fair decrease in the waste load without Figure 2 Energy production from crop biomass in the EU and in the tropics. The direct conversion of crop biomass to biogas in the EU is marginally attractive. The combined production of [ethanol þ biogas þ heat] is quite feasible in Brazil (after Van Haandel, 2004) jeopardizing the disinfection levels. The concept of DESAR (decentral sanitation and reuse), focussing on decentralized anaerobic treatment, is certainly promising and deserves further exploration Downing et al., 2002) . In our view, the quest for affordable sanitation technologies for developing countries should focus on lowering the capital investment costs (capex), even at the expense of a slight increase in the operational costs (opex). The latter can potentially be balanced due to the cheaper manpower in developing countries.
The proposed low-investment sewage treatment (LIST) concept (Aiyuk et al., 2004 ) is based on pre-treatment by means of chemically enhanced primary treatment (CEPT) and completed with a straightforward upflow anaerobic sludge-blanket (UASB) reactor ( Figure 3) . P is precipitated during the CEPT stage and where N removal is desired, a simple ion exchange column packed with clinoptilolite, an easily obtainable zeolite in many developing countries, has proven to be effective. The column influent stays low in suspended solids (SS), thus extending the operational life of the columns that can be regenerated chemically or by simple biological nitrification. This concept can in principle operate at a fraction of the total cost of the conventional treatment in developing countries (e.g., activated sludge). Due to the rapid rise in population in developing countries, this concept gains in importance as it remains very compact and has no problems with aesthetics. It can thus be raised satisfactorily in any place and especially in the large very highly populated cities of such areas. Therefore, it should be given due consideration by international funding agencies such as the World Bank and the WHO (Aiyuk et al., 2004) . Moreover, in industrialized countries, one should dare to re-examine the full costs for society of source-separated collection of in-house solid bio-wastes. In fact, in-house bio-waste grinding may economize on transport, reduce vehicle traffic on the roads, and recover more and better biogas at the sewage treatment plant (Bolzonella et al., 2003) . In contrast, additional energy would be required to produce and to power the in-house grinders and to adapt the sewer network. Hence, life cycle analysis would be a necessary tool to compute the overall (green) energy balance. The exclusive niches of AD The ongoing shifts in the market warrant AD to explore new domains of application. The first relates to nitrogen removal from organic wastes. The current EU water framework directive demands full nitrogen removal from wastewaters, which represents major treatment costs. Indeed, one kg of N removed via conventional nitrification-denitrification represents a cost on the order of 2-3 euro per kg (Fux and Siegrist, 2004) . The recent Anammox Van de Graaf et al., 1995) -oxygen-limited ammonium nitrification denitrification (OLAND) (Kuai and Verstraete, 1998) process technology brings an interesting possibility for reduced-cost nitrogen removal from wastewater. Even if the water content of organic carbon as electron donor is low, nitrogen can be removed by means of anaerobic Planctomycetes at competitive cost (Pynaert et al., 2002; Pynaert et al., 2003) . A second opportunity for AD is in halorespiration. One of the most interesting discoveries of the last decades has been the unique capability of many anaerobes to use rapidly and efficiently chlorinated organics as electron acceptors. The fact that most of these dechlorination processes allow energetically effective bacterial growth makes halorespiration at the present time the default technology to clean polluted sediments, soils and other organic slurries (De Wildeman et al., 2003; Aulenta et al., 2004; Cupples et al., 2004) . Biological dechlorination is therefore expected to evolve towards a mature technology in the future.
The serendipities of AD
The in-depth studies over the past decades on anaerobic microbial communities and their delicate interactions and balances have given rise to a number of unexpected findings. The advances in sulphur bio-transformation, specifically with respect to sulphate reducing bacteria and their use to clean polluted groundwater and flue gases has been most startling (Sipma et al., 2000; Muthumbi et al., 2001; Muthumbi et al., 2002; Muthumbi et al., 2003) . The fact that AD generates significant amounts of bicarbonate-based alkalinity has been exploited in processes to remove calcium from water (Van Langerak et al., 1997; Hammes et al., 2003a; Hammes et al., 2003b) . Other serendipities of AD are the link of anaerobic metabolism, more specifically the interspecies hydrogen exchange, and the recent developments in the domain of microbial fuel cells (MFCs). The microbial community in MFCs can evolve to a state where high and low energy organics are converted to CO 2 in tandem with electrons being deposited onto an anode (Rabaey et al., 2003) . This feature of MFCs opens interesting perspectives in electrical energy generation from organic waste in a direct way, without the need for gas treatment and combustion. In addition, it will be particularly important to engineer the microbial metabolism not only to convert the complex variety of organics handled by methanogenic communities, but also to conduct this process at temperatures below 20 8C, at which AD generally fails due to low reaction rates and high solubility of the methane produced.
The near future may generate more unexpected findings in the domain of AD. In terms of life cycle analysis, the concept of the 'bio-resource mine' requires more indepth analysis (Wens, 2004) . Furthermore, we should continue to dare to hope that one day we might be able to effectively control and if necessary completely block methanogens in sites where they are not wanted (e.g., the rumen, rice paddies, etc.).
World scenarios for AD
The economic and political developments worldwide cannot be predicted. One can only try to position AD in terms of certain scenarios. Figure 4 illustrates two scenario axes, one horizontal axis which goes from a world in which sustainability is the key issue to a world which is dominated by straight market interests. A second, vertical axis comprises the scenarios of economic recession and economic growth. Each of the resulting quadrants has important implications for AD as indicated in Figure 4 .
Scenario 1 offers only chances to inexpensive forms of AD. Scenario 2 offers lots of opportunities for new developments. Scenario 3 is mainly occurring in capital intensive, industrialized countries. Scenario 4 is quite undesirable since AD serves only as primary treatment.
Conclusions
The changes on the global scene in the world market, particularly in the supply of fossil fuel and policies in relation to the Kyoto agreements, have resulted in the search for "green" energy. The latter together with the rising need for "clean" N and P constitute the key impetus for further development of AD in the next decade.
The bio-refinery concept has ignited a rapid move towards "white" biotechnology to provide society with energy, fuel and chemicals based on agro-products and offers major potentials for AD. However, AD should also rapidly link up with other technologies, such as alkaline wet oxidation, incineration, and plasma treatment, due to the production of residual organics (digestate) that have a minor or even negative market value.
A major part of the world population urgently needs low-cost sanitation. The current technologies for sewage and bio-waste treatment are too expensive for many of the developing countries. In this framework, we should strongly advocate integral approaches involving AD, such as LIST, even if they represent some increase in opex because the key issue is to overcome the high capex of the conventional sanitation technologies.
Finally, AD has a number of high value niches that should be vigorously explored. These niches include the Anammox-OLAND process for nitrogen removal, the anaerobic processes for dechlorination, for the removal of sulphur and calcium, and for the conversion of organics into electricity by means of anaerobic deposition of electrons onto an anodic surface in MFCs.
